Introduction
With the advent of highly effective immunosuppressive medications, organ transplant recipients (OTRs) have experienced significant improvements in survival rates (1) . Yet, because of the lifelong requirement for immunosuppression, these patients are at increased risk for various cancers, among which the incidence of skin cancer is the highest. Skin cancers account for 40-50% of all posttransplant malignancies and cause significant morbidity and mortality, as they tend to be more aggressive than skin cancers in the general population. The most commonly reported skin cancers in this population include cutaneous squamous cell carcinoma (SCC), basal cell carcinoma (BCC), Kaposi sarcoma (KS), Merkel cell carcinoma (MCC), and malignant melanoma (MM), with keratinocyte carcinomas (SCC and BCC) composing 90-95% of these skin cancers (2) (3) (4) (5) .
Skin cancer screening
Dermatologic screening guidelines in OTRs are variable and based on expert opinions. A recent review of 13 clinical practice guidelines (CPGs) for cancer screening and recommendations noted that most CPGs did not present a clear link between the recommendations and evidence (6) . They focused primarily on kidney transplant recipients and differed in the stratified risk factors and the physician responsible for screening (dermatologist vs. primary care physician). Furthermore, no CPG outlined specific guidelines for surveillance of pretransplant malignancies. Prospective trials for the development of posttransplant screening guidelines will require a multidisciplinary effort. Patients with all types of transplanted organs should be recruited, risk-stratified by key risk factors (e.g. multiorgan transplant, pretransplant skin cancers, Fitzpatrick skin phototype, demographics, immunosuppression regimen type), and randomized to various screening timelines (every 3 mo, 6 mo, and annually). For each group, patients should be assessed by a dermatologist to determine the incidence of skin cancer. Each risk-stratified group needs to be analyzed to determine the optimal time point for screening. Although further studies are required, we have provided an algorithm for pre-and posttransplant dermatologic evaluation and management in OTRs (Figure 1 Figure 1 : A flow diagram illustrating the dermatologic evaluation and management of skin cancers in organ transplant recipients before and after transplantation (45, 167, 182) . AK, actinic keratosis; ART, adjuvant radiation therapy; BCC, basal cell carcinoma; LND, lymph node dissection; MM, malignant melanoma; MMS, Mohs micrographic surgery; SCC, squamous cell carcinoma; SLNB, sentinel lymph node biopsy; UV, ultraviolet.
SCCs are more aggressive in OTRs. Tumor histology in SCCs from OTRs is more commonly poorly differentiated compared with those from the general population. A spindle cell epithelial component is present in 20% of cutaneous SCCs in OTRs, suggesting epithelial-tomesenchymal transition due to immunosuppression, a finding uncommonly found in cutaneous SCCs of the general population (9) . In a study of in transit metastases of SCCs in OTRs and controls, 33% of OTRs died and another 33% had nodal disease (10) . Another study found that following treatment, cutaneous SCCs in OTRs recurred locally in 14.1% of patients on average within the first 19 mo (11) . Risk of metastases in this population is between 3% and 8% (1).
Pathogenesis
The pathogenesis of skin carcinoma in OTRs involves a complex interaction of factors, with the most important contribution being exposure to ultraviolet (UV) radiation (1) (Figure 2 ). UV radiation is a potent carcinogen that also causes both local and systemic immunosuppression (12, 13) . When combined with the chronic immunosuppression used in OTRs, these patients have significantly reduced capacity for immune-mediated tumor surveillance and are at increased risk of carcinogenesis.
Immunosuppressed OTRs are more susceptible to oncogenic viruses than the general population. The pathogenesis of SCC and BCC is distinct in that cutaneous SCC has been hypothesized to originate from a cocarcinogen etiology involving DNA damage induced by both UV and human papillomavirus (HPV), whereas there is no significant association between HPV and BCC (14) . Up to 90% of cutaneous SCCs in OTRs contain HPV DNA compared with 11-32% in normal skin (15) . It is still unclear whether these represent primarily a-or b-HPV strains. Most studies suggest high-risk a-HPVs found commonly in genital and mucosal lesions to be less common than b-HPVs in cutaneous neoplastic skin lesions of immunosuppressed individuals (16, 17) . However, one study demonstrated a doubling of high-risk HPV frequency in cutaneous SCCs from OTRs (18) . b-HPV subtypes such as HPV5, HPV8, and HPV9 are often considered nonpathogenic but can induce preneoplastic lesions in immunocompromised patients through inefficient DNA repair. b-HPVs inhibit Notch-dependent tumor suppression in immunocompromised patients, contributing to their increased pathogenicity (16) . In addition, the HPVrelated E6 protein targets the Bak protein for proteolytic degradation leading to blocked p53 apoptotic response (19) . In contrast to the evidence demonstrating that SCC is associated with the presence of HPV DNA, no HPV RNA was detected in SCCs from OTRs or nonimmunosuppressed patients using deep sequencing. These findings imply that ongoing viral replication is not required for SCC progression (20) .
In addition to immune-mediated mechanisms of tumor promotion, OTRs are at increased risk of carcinogenesis from the direct interaction of immunosuppressive agents on the initiation and promotion of skin cancers. One mechanism is through the inhibition of the calcineurin/ nuclear factor of activated T cell pathway resulting in induction of activating transcription factor 3, a member of the enlarged AP-1 family, which plays an important role in suppressing p53-mediated cell death and results in carcinogenesis (19, 21) . Cyclosporine has been shown to cause resistance to UV-induced apoptosis in human keratinocytes. Normally, keratinocyte mitochondria respond to oxidative stress caused by UV radiation by opening mitochondrial permeability transition pores (MPTPs). In vitro studies have demonstrated that cyclosporine inhibits MPTPs from opening and allows genotoxic insults to propagate. Conversely, tacrolimus, which has been shown clinically to be associated with a lower relative risk of skin cancer than cyclosporine (22) , does not confer resistance to apoptosis in UV-exposed keratinocytes (23) . In addition to causing resistance to UV-induced apoptosis, cyclosporine may also promote tumor growth and invasion by inducing the production of growth factors, such as TGF-b, which augment epithelial-to-mesenchymal transition and promote tumor progression (24, 25) .
Immunosuppressants have also been shown to cause an increased risk of UV-induced carcinogenic effects. Azathioprine has been found to sensitize cells to UV-induced damage through the incorporation of a metabolite into DNA that generates reactive oxygen species on exposure to UV light. In addition, kidney transplant recipients treated with azathioprine were noted to have more frequent mutations in the gene encoding p53, TP53, compared with immunocompetent patients with keratinocyte carcinomas (26) (27) (28) (29) (30) . Interestingly, mycophenolate mofetil (MMF), another antimetabolite commonly used in OTRs with a lower relative risk of skin cancer, does not appear to have the mutagenic properties of azathioprine, potentially explaining the lower relative risk of skin cancer with this drug (31).
For some transplant therapies, the mechanism of increased skin cancer risk remains unclear. Belatacept, a fusion protein that binds to antigen-presenting cell CD80/ Adapted from Zwald et al (35, 194) .
86 ligands and blocks CD28 costimulation, is commonly used in maintenance immunosuppressive therapy in kidney transplant recipients. A phase 2 trial comparing belatacept with cyclosporine A observed the incidence of keratinocyte carcinomas to be similar between the two drugs (9% for belatacept vs. 8% for cyclosporine) (32) . Although significant effort has been made to elucidate the mechanism of skin carcinogenesis by cyclosporine, belatacept is a relatively new agent and no clear data exist to explain how it causes an increased risk of skin malignancy.
Risk factors
In multivariate models, pretransplantation SCC is the strongest predictor of posttransplantation SCC risk (33) ( Table 2 ). Actinic keratoses and viral warts at or before transplantation are also significantly associated with an increased risk of keratinocyte carcinoma (34) . Observational studies have suggested the risk of keratinocyte carcinoma is greatest in lung, heart, and combined pancreas-kidney transplant recipients compared with kidney and liver transplant recipients (35) (36) (37) . Patients who develop an SCC after transplantation will often develop additional lesions (38, 39) .
Patient demographics play an integral role in risk stratification. White transplant recipients in Australia (Fitzpatrick skin phototypes I to III) have the highest risk of keratinocyte carcinoma because of greater sun exposure in a predominantly fair-skinned population (2, (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) . Older white male transplant recipients are at particularly high risk (49) . Male transplant patients demonstrate a threefold (1) . APC, antigen-presenting cell; ATF3, activating transcription factor 3; HPV, human papillomavirus; NFAT, nuclear factor of activated T cell; Treg, regulatory T cell; UV, ultraviolet. greater incidence of skin cancer after transplant compared with female counterparts (51) . Transplantation at an older age also increases risk. For transplant recipients aged >60 years, the median interval from transplant to SCC was 3 years, compared with 13 years for patients transplanted between ages 18 and 40 years (41, 49) .
Duration, intensity, and choice of immunosuppression affect the rates of subsequent development of skin cancer (41) . Patients treated with the three-drug combination (cyclosporine, azathioprine, and prednisone) have higher incidence of SCCs compared with the two-drug combination group (azathioprine and prednisolone) because of the introduction of cyclosporine (52) .
The impact of specific immunosuppressive agents remains unclear. Retrospective studies have suggested that immunosuppression with MMF carries a decreased risk for keratinocyte carcinomas compared with azathioprine-based regimens. Specifically, the use of MMF leads to a decreased risk of SCC and an increased risk of BCC (39, 53, 54) . Cohort and prospective randomized trials have demonstrated that conversion from a traditional immunosuppressive regimen, specifically calcineurin inhibitors to sirolimus, reduces the risk of keratinocyte carcinoma (22, (55) (56) (57) (58) (59) .
Although not an immunosuppressive agent, voriconazole is a widely prescribed antifungal medication for prophylaxis and treatment of invasive fungal infections in immunosuppressed OTRs. This medication is an independent risk factor for developing cutaneous malignancy, especially in lung transplant recipients. In a retrospective single-institution study of 455 lung transplant patients, voriconazole use was associated with a 73% increased risk of developing SCC (60,61).
The most important risk factor for the development of skin cancer is exposure to UV radiation; therefore, it is essential that OTRs be educated about UV avoidance and skin protection. Because of the heightened need for sun avoidance after transplantation, OTRs are at increased risk for vitamin D deficiency. They should be screened for vitamin D deficiency and seek out dietary sources of vitamin D such as fortified dairy products, eggs, and fatty fish (59, 62) .
Management: actinic keratoses and SCC in situ:
OTRs should be screened routinely for precancerous actinic keratosis (AK) ( Figure 3 ) and treated promptly if lesions develop, as AKs in OTRs are more likely to rapidly transform to cutaneous SCCs (63, 64) . Individual AKs are most commonly treated with liquid nitrogen cryotherapy. Although the treatment is well tolerated, some patients may develop blistering, hypopigmentation, or scarring at the treatment sites.
In patients with numerous lesions and thus precancerous involvement of a large area of skin or "field cancerization," use of topical therapies such as 5-fluorouracil (5-FU) cream and imiquimod cream should be considered. Topical 5-FU 5% cream is an effective and commonly used agent. In a study of kidney transplant patients who applied the cream twice daily to the face for 3 weeks, the mean AK clearance rate was 98% at 8 weeks and 79% at 12 mo. The treatment may cause erythema, pruritus, and scaling (65) . An appropriate alternative to topical 5-FU may be imiquimod, an immune system activator, the use of which was initially limited because of concern about the medication's potential to induce graft rejection. However, results from several small trials suggest that the agent is relatively safe and effective in OTRs (66) . One study found that when applied over limited areas (up to 100 cm 2 ), the agent has been shown to achieve a complete clearance rate of 62% (18 of 29 patients) with no deterioration of graft function (67) . Another study found a clearance rate of 83% (five of six patients) while maintaining stable graft-related laboratory parameters (68) . Nonetheless, imiquimod should still be used with caution, as it has been associated with acute tubular necrosis in a kidney transplant patient (69) .
For OTRs with larger areas of actinic keratoses, photodynamic therapy (PDT) may be effective (70) . A study of kidney transplant recipients with multiple AKs unresponsive to conventional treatment demonstrated complete response rates of 71% after two PDT sessions (71) . Cosmetic results with PDT tend to be excellent, with no scar formation or change in pigmentation (70) . The most common limiting side effects are pain and prolonged photosensitivity (71, 72) . PDT also appears promising in the primary prevention of AKs. In a split-side study comparing treatment of the face, dorsal forearm, and dorsal hand, AKs were observed in 63% of transplant patients within untreated skin compared with 28% of patients within treated skin (73) .
Patients with SCC in situ are treated with either surgical excision or electrodesiccation and curettage (ED&C). The cosmetic results for lesions on the face, nose, lips, and ears are better with surgical excision, rather than electrosurgery (74) . When surgery and ED&C are not feasible, PDT has been shown to be effective (70) . Alternatively, 5-FU has been reported to be used off-label (75).
Management: invasive cutaneous SCC: Any lesion suspicious for invasive keratinocyte carcinoma should be biopsied (Figures 4-6 ). Furthermore, in areas of cutaneous field cancerization with extensive actinic damage, early and frequent skin biopsies are recommended because these areas represent clinical and subclinical lesions of epidermal dysplasia (76) .
According to the National Comprehensive Cancer Network (NCCN) guidelines for biopsy-proven cutaneous SCC in OTRs, Mohs micrographic surgery (MMS), excision with intraoperative frozen sections, or excision with wide margins using postoperative formalin-fixed and paraffin-embedded tissue to ensure histologic confirmation of negative margins offer the most definitive methods of treatment. Margin control is the gold standard goal in the treatment of SCC. MMS has the highest cure rate of all treatment modalities, given its capacity to evaluate 100% of the peripheral and deep margins of each specimen (74) . If surgical excision is preferred, recommendations for margins depend on the presence or absence of high-risk features. Well-differentiated tumors in immunocompetent patients require a margin of 4 mm around the border of the lesion to achieve a 95% clearance rate (74) . For immunosuppressed patients with high-risk features, margins of 6-10 mm beyond any surrounding erythema and resection into the subcutaneous fat have been recommended. American Joint Committee on Cancer (AJCC) high-risk features include invasion into the subcutaneous fat, poor differentiation, perineural invasion, and high-risk anatomical location (primary site on the ear or nonglabrous lip) (76) . However, in certain anatomic locations, such as on the hands or face, resection margins of 6-10 mm may be impractical and smaller margins may be justified.
Although MMS and surgical excision remain the mainstay of treatment for SCCs, in cases deemed inoperable or when surgery is refused by the patient, primary radiation therapy (RT) can also provide high local cure rates with good cosmesis (77) . Adjuvant RT is considered for SCC that shows evidence of significant perineural involvement or positive margins after surgical excision (78) .
In the literature, there are reports of destructive or immunomodulating therapies being used to treat SCCs, such as topical imiquimod, topical 5-FU, PDT, and cryotherapy; however, most of these studies were conducted in populations other than OTRs and are not the ideal treatment approach for SCC in OTRs.
Modulation of immunosuppression:
The incidence of SCCs increases with increasing intensity and duration of immunosuppression in OTRs. An expert consensus panel recommended mild reduction of transplant-associated immunosuppression once multiple skin cancers developed per year or with individual high-risk skin cancers. Moderate reductions were considered appropriate when patients experienced >25 skin cancers per year or for skin cancers with a 3-year mortality risk of 10%. Severe reductions were considered for life-threatening skin cancers (79) .
Immunosuppression can be modified by a decrease in dose, or when using a multidrug regimen, it can be beneficial to eliminate one drug or to switch classes, for instance, from calcineurin inhibitors, which confer a higher risk, to mammalian target or rapamycin (mTOR) inhibitors, which confer a lower risk (80) . However, the decreased risk of cutaneous malignancy associated with sirolimus is balanced by an increased risk of serious adverse effects. The most common adverse events are edema, acneiform eruption, aphthous ulcers, and proteinuria (22, 55) . The risk-benefit ratio improves with lower doses of sirolimus and a low conversion rate from calcineurin inhibitors (55) .
Systemic chemoprophylaxis: Patients who develop multiple SCCs (more than five) every year or who have aggressive SCCs or early onset of SCCs can be considered for chemoprophylaxis. Chemoprophylaxis strategies used in OTRs have included systemic retinoids, capecitabine, and nicotinamide. Systemic retinoids can reduce and delay the recurrence of SCCs, but this preventive effect is lost once retinoids are discontinued; henceforth, retinoids are considered a longterm to lifelong treatment (81) . Consequently, it is important to counsel patients on long-term side effects that may reduce their quality of life, including the possibility of disorders of the musculoskeletal system and inflammatory back pain (82) (83) (84) . A prospective, randomized crossover trial involving 23 renal allograft recipients with a previous history of keratinocyte carcinoma were allocated to two groups and crossed over at 1 year. Patients allocated to the treatment group received acitretin 25 mg daily. The number of SCCs developing in patients while on acitretin was significantly lower than that in the drug-0free period (p = 0.002). Seventeen of the patients did not develop SCCs during the acitretin period, whereas only eight patients remained free of SCC during the drug-free period (85) .
One study reported a retrospective analysis of 32 OTRs using systemic retinoids for prevention of SCCs. Patients were treated with low-dose systemic retinoids for a minimum of 12 mo. Acitretin was started with a dose of 0.2 mg/kg/ per day and increased to a maximum of 0.4 mg/kg per day based on clinical response and side effects. The number of SCCs was significantly reduced with a mean difference of 1.46 in the first year of treatment (p = 0.006), 2.20 in the second year (p < 0.001), and 2.14 in the third year (p = 0.02). In patients in whom there was an inadvertent interruption of treatment, there was a mean increase of 4.67 SCCs (p = 0.02) over the 12-mo interval before and after the interruption in treatment. This rebound increase in SCCs was most prominent in patients taking retinoids for >12 mo (81).
Capecitabine is an oral systemic prodrug that is converted to 5-FU. It has been reported to be effective in chemoprevention of keratinocyte carcinomas in OTRs with manageable toxicity (86, 87) . In a single-institution retrospective study, 15 OTRs who were diagnosed to have at least two new keratinocyte carcinomas within the previous 6 mo or at least 10 new actinic keratoses requiring local treatment within the past 12 mo were included. Patients were treated with low-dose oral capecitabine at 1000 mg/m 2 , divided into two daily doses, on days 1-14 every 21 days. Incidence rates (mean number of events per month) declined by 0.33 for SCC, 0.04 for BCC, and 2.45 for AK (p < 0.05) (86) . The role of capecitabine in chemoprevention of keratinocyte carcinomas needs to be further defined in larger randomized controlled trials; however, it should be noted that when combined with brivudine, a medication used in the treatment of shingles, there is a risk of fatal bone marrow suppression (88) .
Nicotinamide is currently being tested for use in chemoprevention of skin cancers. A phase 3 randomized trial of nicotinamide for skin cancer chemoprevention in nontransplant patients demonstrated a 1-year reduction in the SCC rate by 30% and in the AK rate by 13% (89) . A subsequent study in OTRs demonstrated 88% partial resolution of AKs compared with placebo. However, a recent phase 2 trial in kidney transplant recipients demonstrated no significant reduction of skin cancer at 6 mo (90) . Given the conflicting data, further studies are required to determine the effectiveness of nicotinamide for chemoprevention of skin cancers in OTRs.
Staging of cutaneous SCCs: SCC in OTRs is aggressive and develops metastases more frequently than in the general population (1, 19) . Consequently, accurate staging is of particular importance. The AJCC staging of these tumors has limitations because the majority of these patients fall into the T1 and T2 groups; however, their natural history is heterogeneous, with most of the poor outcomes being reported at low stages (86% T1/T2 AJCC). By contrast, T3 and T4 stages are rare and indistinct.
To better characterize metastasis risk in cutaneous SCC, the Brigham and Women's Hospital (BWH) staging system was developed ( Table 3 ). The BWH stage system divided the AJCC T2 group into a larger, lower risk T2a group and a smaller, higher risk T2b group. The BWH staging system defined high-risk factors such as tumor diameter ≥2 cm, poorly differentiated histology, perineural invasion of a nerve ≥0.1 mm, or tumor invasion beyond fat (excluding bone invasion). The T2a group was defined to have one BWH high-risk factor and the T2b The utility of a negative SLNB has yet to be determined. Some studies report negative predictive values as high as 96-100% (94, 95) . Other studies have reported on several immunosuppressed patients with cutaneous SCC and negative SLNB who developed LR or metastatic disease (96, 97) . Although the survival benefit of SLNB has not been definitively established and there are no consensus guidelines for its use, appropriately using SLNB may decrease morbidity by helping patients avoid complete lymph node dissection and RT of lymphatic basins (98) .
Radiological evaluation of high-risk cutaneous SCC:
It is suggested that radiologic evaluation be performed for higher risk tumors to better evaluate the extent of tumor infiltration and to guide surgical treatment (76) . Radiologic imaging, including computed tomography (CT) scan, positron emission tomography-CT (PET-CT) scan, and magnetic resonance imaging, in patients with T2b/T3 cutaneous SCCs has shown a positive impact on LR, NM, and DSD (99) . A single-institution study of 108 T2b/T3 cutaneous SCCs in 98 patients over a 13-year period demonstrated that 46% of patients had imaging performed, and the results of imaging changed management for 33% of the patients. Five-year disease-free survival was 73% for the imaging group versus 51% for the nonimaging group, but there was no difference between groups for distant metastases and DSD. A 50% reduction in the risk of disease-related outcomes was noted in the imaging group, especially in 16 patients for whom the management decision was changed. Consequently, imaging of nodal basins and the primary tumor site in high-risk groups (e.g., T2b and T3) is recommended. Multi-institution prospective studies are needed to evaluate this issue further.
Management: metastatic cutaneous SCC: In patients with metastatic cutaneous SCC, systemic chemotherapy is recommended; however, data for systemic chemotherapy to treat cutaneous SCC is limited. Cisplatin alone or in combination with 5-FU has shown clinical efficacy (100,101).
Cetuximab is a monoclonal antibody that competitively inhibits the epidermal growth factor receptor. Most of the studies for use of cetuximab in cutaneous SCC are in nontransplant populations, and experience in OTRs is very limited (102) . However, in a study comparing cetuximab monotherapy, cetuximab with RT, and cetuximab with carboplatin in unresectable/locally advanced cutaneous SCC, five of 20 patients were immunosuppressed, four of which were OTRs. Three patients had kidney transplant and one patient had heart and lung transplant. After 2 mo of treatment, the disease response rate was 47% (80% for cetuximab with RT, 37.5% for cetuximab with carboplatin, and 33% for cetuximab monotherapy) (103) . In view of the significant efficacy demonstrated, further randomized trials are justified, particularly for cetuximab and RT.
The use of cetuximab for cutaneous SCC in OTRs has unveiled infrequent but severe toxicity involving the lungs. Two single-lung transplant recipients treated with intravenous cetuximab for metastatic cutaneous SCC of the scalp, developed diffuse alveolar damage within 1 mo of starting cetuximab (104) . These patients presented with rapid onset of shortness of breath, hypoxia, and ground glass opacification of the transplanted lung and died within 22 days of treatment. Therefore, lung transplantation is an absolute contraindication to the use of cetuximab.
Checkpoint inhibitor antibodies including anti-programmed death 1 (anti-PD-1) and anti-cytotoxic T lymphocyte associated protein 4 (anti-CTLA-4) have shown activity against solid tumors in OTRs. Higher programmed death ligand 1 (PD-L1) expression in cutaneous SCC has been found to correlate with large diameter, higher histologic grade, tumor thickness, and risk of developing metastases (105) . Therefore, inhibiting this pathway may well be an effective strategy for advanced or metastatic disease. A recent report described a patient with metastatic cutaneous SCC who was treated with an anti-PD-1 monoclonal antibody and who experienced ongoing complete response for >16 mo (106) . Significant results have also been reported with treatment of cutaneous SCC with the anti-PD-1 antibody pembrolizumab in kidney transplant patients. However, PD-1 inhibition has been associated with acute transplant rejections (107) . This suggests that the PD-1 pathway may be critical in maintaining the partial tolerance that prevents T cell-mediated allograft rejection (107) . In contrast to anti-PD-1 inhibitors, patients with kidney transplant have been reported to tolerate anti-CTLA-4 inhibitors without allograft rejection. Two kidney transplant recipients who were treated with the anti-CTLA-4 inhibitor ipilimumab for metastatic melanoma experienced disease regression and stable renal function without allograft rejection (108) . This may suggest that the CTLA-4 pathway plays a lesser role than the PD-1 pathway in transplant tolerance. Although anti-CTLA-4 antibodies have not been shown to cause rejection, they have been reported to cause acute interstitial nephritis in immunocompetent patients and should be used with caution in kidney transplant patients (109) (110) (111) . 
Basal Cell Carcinoma
Epidemiology Compared with the general population, OTRs are between 10 and 16 times more likely to develop BCCapproximately 10-fold less than the increased risk of SCC after transplantation (3, 7, 8) . Therefore, the ratio of BCC: SCC of 4:1 in the general population is reversed after organ transplantation (40, 112) , with the exception of liver transplantation, which has repeatedly been associated with lower skin cancer risk (113) (114) (115) (116) . Patients who develop a BCC after transplantation will often develop additional lesions (38, 39) .
Pathogenesis
Although BCC was named for its histologic resemblance to basal keratinocytes, the cell of origin continues to be debated. Evidence suggests that BCCs arise from keratinocytes of the hair follicle or the interfollicular epidermis; however, the site of origin differs depending on the murine model used. What is certain is that BCCs arise from keratinocytes of the skin, and high-level hedgehog (Hh) signaling activation may lead to tumor production (117) .
Risk factors
BCC is a locally destructive tumor that preferentially affects persons with fair complexions or Fitzpatrick phototypes I to III skin. Although OTRs are at increased risk of developing BCCs, lesions do not appear to be more aggressive than in the general population (118) . Tumors may present as a pink patch; an open, nonhealing, eroded, thin papule; a pink, pearly papule or nodule; or a scar-like plaque (Figure 8 ). Lesions commonly develop in sun-exposed areas and in the treatment field of previous RT (119) (120) (121) (122) . 
Management
The current standard of care for BCC is surgical excision with methods similar to those detailed for cutaneous SCC. In very rare instances, BCC may be locally advanced or metastasize. For these patients, newer targeted therapies may be a promising option.
An understanding of the molecular mechanisms driving BCC has led to numerous developments in the field of targeted therapy, specifically in the inhibition of Hh signaling. One of the most promising Hh pathway inhibitors, vismodegib, is a systemic cyclopamine derivative that competitively antagonizes the G protein-coupled-like receptor Smoothened, a key activator of Hh signaling. Vismodegib received approval from the U.S. Food and Drug Administration in January 2012 for use in patients with locally advanced BCC who are not candidates for either RT or surgery or with metastatic BCC. Although experience with the use of Hh inhibitors in OTRs is limited, one case revealed efficacy in the treatment of a BCC in a heart transplant recipient without graft compromise (123).
Kaposi Sarcoma

Epidemiology
The incidence of KS is markedly increased in patients with OTRs (between 84 and 500 times) compared with the general population (35, 124, 125) . Mean time to development of KS after transplant is approximately 13 mo, but a case has been reported as late as 18 years. KS presents on the skin and mucosa. Lower extremity involvement is common, as in classic KS ( Figure 9 ). Visceral involvement has been reported to be as high as 25-30% of kidney transplant recipients and 50% in heart and liver transplant recipients who develop KS after transplantation (1).
Pathogenesis
KS is a tumor of lymphatic endothelial cell origin commonly found in Mediterranean, Jewish, Arabic, and African populations. In patients on iatrogenic immunosuppression, human herpesvirus 8 (HHV-8) infection is reactivated in lymphatic endothelial cells and their conversion to spindle cells occurs (126) (127) (128) .
Risk factors
In patients who are seropositive for HHV-8 prior to kidney transplantation, the risk of KS is 23-28%, compared with 0.7% for seronegative patients (129) (130) (131) . More than 80% of patients who develop KS after transplantation are seropositive for HHV-8 prior to transplantation (129, 132) . Patients at high risk for developing KS can be identified by testing for the presence of antibodies to HHV-8 prior to transplantation. In high-seroprevalence areas, organ donors can be screened for antibodies to HHV-8 because HHV-8 can be transmitted from the donor to the recipient (132, 133) . One study of serum samples from 220 kidney transplant recipients reported an increase in HHV-8 seroprevalence from a baseline of 6.4% to 17.7% 1 year after kidney transplantation. Of 25 patients who seroconverted, donor samples were available for six patients, five of whom (83%) were positive for HHV-8 (133).
Management
Type and level of immunosuppression play a significant role in the development of post-transplant KS. Patients treated with calcineurin inhibitor-based immunosuppressive regimens are at particularly high risk for KS. Decreasing the intensity of immunosuppression or switching immunosuppressive agents to include mTOR inhibitors, such as sirolimus or everolimus, is the cornerstone of treatment. Regression of KS has been reported after switching from calcineurin inhibitors to sirolimus by restoring effector and memory T cell immune activity against HHV-8 (62,127).
For OTRs with KS who do not respond to revision of immunosuppression, KS in iatrogenically immunosuppressed patients is managed similarly to classic KS. Focal disease can be managed with surgical excision, RT, cryotherapy, or laser ablation. Alitretinoin 0.1%, a topical retinoid, has also been used in KS with responses in one-third to one-half of patients. IL-6 has been implicated in the pathogenesis of KS, and retinoic acid downregulates IL-6 expression. Local irritation and inflammation are common side effects. Intralesional chemotherapy with vinblastine and intralesional interferon results in partial responses, with tumor regrowth occurring in 4-6 mo.
Imiquimod 5% has also been tested in two kidney transplant patients, with one demonstrating complete response. When using imiquimod, histologic confirmation is crucial because patients may demonstrate clinical remission with histologic persistence of disease (134) . Patients with visceral disease or extensive and progressive mucocutaneous disease may require systemic chemotherapy. The most commonly used chemotherapeutic agents include doxorubicin (pegylated, liposomal), vinblastine, paclitaxel, and etoposide.
Merkel Cell Carcinoma
Epidemiology The incidence of MCC is significantly increased in OTRs with one study demonstrating an increased risk of 23.8-fold compared with the general population (135,136) ( Figure 10 ). MCC incidence was 70% higher in male compared with female recipients and was more common in white persons. The most common locations were the head and neck (51%) and the upper extremities (26%). Incidence increased with age >50 years at transplantation and duration of time after transplantation. The combination regimen of azathioprine and cyclosporine was associated with the highest risk (135) . OTRs with MCC experience more rapidly progressive disease (136) . A retrospective cohort study comparing OTRs with MCC and immunocompetent controls found OTRs to have worse progression-free, disease-specific, and overall survival. Specifically, OTRs had decreased 1-year overall survival of 46.8% versus 88.6%, 1-year MCC-specific survival of 56.3% versus 95.2%, and 1-year disease-free survival of 12.5% versus 69.6% for the immunocompetent population. Given the worse prognosis of MCC in OTRs, these patients may benefit from more aggressive treatment regimens (137) .
Pathogenesis
MCC is an aggressive, rare, neuroendocrine, virally induced skin tumor. In 2008, a study identified Merkel cell polyomavirus (MCPyV) and identified clonal integration of MCPyV in six of eight MCPyV-positive MCCs, suggesting MCPyV infection and integration prior to clonal expansion of MCC tumor cells (138, 139) .
Risk factors
The risk of MCC has been reported to increase 24-fold in OTRs. Risk factors include age >50 years at time of transplant, male sex, white race, immunosuppression, and time since transplant, with ≥10 years since transplantation resulting in the highest incidence. Kidney transplant recipients had the highest risk compared with heart, lung, or multiorgan transplants. Use of cyclosporine, azathioprine, or mTOR inhibitors was associated with a higher incidence of MCC, whereas tacrolimus and MMF were associated with decreased incidence. The combination of cyclosporine and azathioprine was associated with the highest incidence rate of MCC (135) .
Management
Most staging and management data available for MCC are related to cases in the general population, and specific data for OTRs are limited; however, management of MCC in OTRs generally follows the same guidelines. PET-CT scan is useful in staging, detecting distant metastases, and restaging MCC. The results of PET-CT had an impact on management in 37% of patients, and the results differed from conventional staging in 22% of patients in a single institution review of 102 patients (140). SLNB is considered for patients with localized disease and clinically negative lymph nodes. Although the efficacy of SLNB requires further investigation, assessing nodal status may prove beneficial. Given the propensity of MCC to metastasize early, even small tumors may have lymph node metastases. In a study of a large national cancer database, the risk of regional lymph node involvement was 14% for MCCs measuring up to 0.5 cm. In addition, the number of involved nodes was strongly predictive of survival. The 5-year relative survival was 76%, 50%, 47%, 42%, and 24% for patients with zero, one, two, three to five, and six or more MCCpositive nodes, respectively (141) . Analysis of another large cancer database found that pathological lymph node evaluation improves prognostic accuracy (142) . The risk of recurrence within the same nodal basin is only 8% after negative SLNB, with male sex being the only characteristic predictive of regional recurrence after a negative SLNB (143) . Adjuvant RT can be considered for positive SLNB without lymph node dissection or multiple positive lymph nodes and/or extracapsular invasion on lymph node dissection (144) .
Primary treatment of MCC is surgical excision. Wide local excision with definitive margin control is the standard of therapy. MMS may be considered when tissue sparing is desirable, such as for MCC on the face. Primary RT to the skin tumor is considered if a tumor is deemed inoperable or if surgery is refused by the patient. RT to the primary site after excision can be considered for positive resection margins or for the presence of other risk factors, such as lymphovascular invasion. Nonetheless, RT should be used with caution in OTRs. Although limited data exist evaluating secondary neoplasias of the skin after RT in OTRs, there are reports of carcinomas and sarcomas developing on the skin exposed to RT (145) (146) (147) .
Systemic chemotherapy can be considered for the treatment of advanced or metastatic MCC. One study reported the most common regimen to be cisplatin and etoposide, with a response rate of 55%, complete remission of 13%, and partial remission of 42% in the general population (148) . Recent studies, however, have shown MCC to be particularly susceptible to PD-1 inhibition. A study of the anti-PD-1 antibody pembrolizumab reported a response rate of 62% in MCPyV-positive tumors and 44% in virus-negative tumors in advanced MCC (149) . In addition, a study of the anti-PD-L1 antibody avelumab, which was recently approved for MCC, demonstrated a response rate of 31.8% (150) . It has also been suggested that MCPyV-specific immune responses induce tumor PD-L1 expression, similar to melanoma and head and neck SCCs, providing a rationale for investigating PD-1/PD-L1 blockade (151) .
Some studies have suggested a possible clinical utility for monitoring serum antibodies for MCPyV T antigen in assessing disease burden; however, the data are still unclear. Further studies are needed to evaluate the clinical utility of monitoring T antigen titers for assessing tumor burden (152, 153) .
Malignant Melanoma
Epidemiology The incidence of MM shows an increased risk of 0-8 times in OTRs compared with the general population (154-157) (Figure 11) . A recent study demonstrated that the incidence rate of posttransplant MM is 75 per 100 000 person-years (158) . Although the risk for MM is only moderately increased, the prognosis is especially poor. Among skin cancers in OTRs, MM has been demonstrated to have the highest mortality (159) . A separate study found that melanoma-specific mortality was higher among OTRs than nonrecipients (HR 2.98) and that azathioprine was associated with higher risk of localized tumors (160) . As opposed to the general population, in which men tend to develop lesions on their back and women on their lower legs, one study found both male and female OTRs tend to develop lesions on the trunk (161).
Breslow thickness and Clark level on skin biopsy are important prognostic factors. Thicker melanomas in OTRs have poorer melanoma-specific survival rates. In a study of 638 patients with posttransplant MM, patients with Breslow thickness 1.51-3.00 mm and Clark level III or IV were found to have worse cause-specific survival rates than those with MM in the general population. The study also found that overall survival was worse among patients with a prior history of transplantation for each Breslow thickness and Clark level (162) .
MM in OTRs presents in three different scenarios: de novo MM after transplantation, pretransplant MM, and donor-derived MM. De novo posttransplantation MM is the most common presenting scenario for MM in OTRs. Preexisting nevi should be examined carefully in OTRs. A study of 85 OTRs found an increase in atypical nevi and melanomas arising in preexisting nevi of OTRs (38%) compared with the general population (25%) (163) . Outcomes for T1/T2 tumors were similar to the general population; however, outcomes for T3/T4 tumors were worse.
Transplantation in a patient with a history of MM is a rare event. An analysis of cancer registries found only 0.05% of melanoma patients received transplants, and pretransplant MM constituted only 0.18% of OTRs (164) . Nonetheless, a recent study revealed that patients with pretransplant melanoma had an increased risk of melanoma-specific mortality, overall mortality, and posttransplant incident melanoma, with 10-year absolute risk differences of 2.97%, 3.68%, and 14.32%, respectively (164) . However, other studies have reported better outcomes. A total of 17 patients with invasive pretransplantation MM in two studies reported no recurrence or metastases during a median follow up of 5.5 years (range: 6 mo to 15.7 years). Better outcome was attributed to thin melanomas and a period of >2 years from diagnosis of MM to transplantation in most of the patients (163, 165, 166) . Consequently, it has been recommended to continue the current practice of listing transplant candidates with a history of melanoma and monitoring these patients closely for new melanomas (164 can result in uncontrolled cell growth and MM development. BRAF V600E is the most common activating mutation, noted in 50% of metastatic melanomas, followed by BRAF V600K (174) . Upstream of BRAF, NRAS mutations exist in approximately 15-20% of metastatic melanomas. It was shown recently that some melanoma cells express PD-1. One study demonstrated that PD-1 acts as a tumor growth receptor in melanoma and mediates melanoma cell-intrinsic mTOR signaling, promoting tumorigenesis (175) .
In patients with a genetic predisposition to development of MM, the oncogene cyclin-dependant kinase 4 (CDK4) and the tumor suppressor gene cyclin-dependent kinase inhibitor 2A (CDKN2A) have been implicated. CDK4 promotes progression from G1 to S phase in cell cycle, resulting in cell proliferation, whereas CDKN2A halts G1 to S progression. The melanocortin 1 receptor (MC1R) is protective against UV radiation and plays a critical role in determining skin pigmentation. In MC1R-variant persons, there is decreased melanin production, increased oxidative stress, and DNA damage, which may initiate development of MM (174) .
Risk factors
A recent study found that a history of pretransplant MM was the strongest risk factor for posttransplant MM, followed by white race and age >50 years. The effect of pretransplant MM on posttransplant MM was larger (hazard ratio [HR] 7.15) than that for overall skin cancer or SCC (158) . Similarly, another study of OTRs with pretransplant melanoma reported a significant increase in posttransplant MM (HR 5.4), increased melanomaspecific mortality, and overall mortality. OTRs with pretransplant MM had a 27-fold increased risk of death due to melanoma (164) . Liver and heart transplant recipients appear to be at greatest risk. One meta-analysis reported pooled relative risk for MM to be 2.71, with relative risk higher among liver and heart transplant patients (5.27) than kidney transplant recipients (2.54) (176) . Pediatric OTRs also appear to be at higher risk. One study found 12% of pediatric OTRs developed MM compared with 5% of adults OTRs (177) .
Management
Management of MM in OTRs mirrors management in immunocompetent patients with similar staging. Primary treatment is surgical with wide excision and adequate margins based on Breslow thickness, per the NCCN guidelines. SLNB is offered to patients with intermediatethickness melanoma (>1 mm) and clinically negative lymph nodes. It is also considered for tumors with 0.76-to 1.00-mm thickness or Clark level IV with high-risk lesions (tumors with increased mitoses or ulceration) (178, 179) . Although SLNB provides prognostic value, its role in improving survival remains under investigation (180) . An early study found a trend toward an increase in diseasefree survival in SLNB-positive patients who had complete lymphadenectomy (181) . SLNB may identify patients who may need adjustment of immunosuppression and adjuvant therapy protocols. SLNB-positive patients need further radiologic imaging to assess for distant metastases.
Adjustment of immunosuppression is individualized to each patient based on extent of melanoma and graft survival. Immunosuppression can be adjusted by reducing immunosuppression dose, discontinuing one drug of a multiagent immunosuppressive regimen, and changing from calcineurin inhibitors to mTOR inhibitors (182) .
Systemic therapies include targeted inhibitors of the BRAF/MEK pathway in BRAF V600 -mutated tumors. A recent report of a heart transplant patient with metastatic melanoma who was treated with a combination of a BRAF inhibitor, dabrafenib, and a MEK inhibitor, trametinib, demonstrated that the patient tolerated the treatment well, with no evidence of disease recurrence for 15 mo (183) . For BRAF wild-type tumors, immunotherapy involving checkpoint inhibition offers a promising option. Inhibitors of PD-1 and CTLA-4 have been used successfully for metastatic melanoma in the general population. Although experience with these medications in OTRs is limited, there are reports of PD-1 blockade leading to renal allograft rejection (184, 185) . In contrast, reports of CTLA-4 inhibition using ipilimumab for metastatic melanoma in OTRs appears to be safe and effective in a limited number of case reports (108, 186, 187) .
Rare Cutaneous Tumors
Epidemiology Appendageal carcinomas are rare cancers originating from cutaneous pilar, eccrine, apocrine, and sebaceous structures (Table 4) . Although uncommon in the general population, OTRs appear to be at increased risk for these skin cancers, particularly sebaceous carcinoma. No accurate incidence data are available for these rare appendageal tumors in the general population; however, a retrospective single-center study found that 0.03% of immunocompetent patients developed appendageal tumors compared with 3.00% of kidney transplant recipients, an excess risk similar to that seen for cutaneous SCCs in OTRs (188, 189) . Microsatellite instability and loss of human MSH2 expression have been noted in transplant-associated sebaceous carcinomas (190) . There has also been a report of 10 consecutive sebaceous carcinomas over 10 years, of which one tumor was related to Muir-Torre syndrome, four were from healthy individuals, and five tumors were from four kidney transplant recipients. Possible unmasking of a mutator phenotype by immunosuppressive drugs, such as azathioprine, was considered as a possible mechanism.
Atypical fibroxanthoma (AFX) is an uncommon spindle cell malignancy histologically resembling undifferentiated pleomorphic sarcoma (UPS); however, UPS invades the subcutis and deeper structures, whereas AFX is limited to the dermis (191) . Both tumors exhibit 9p and 13q deletions, but AFX lack KRAS and HRAS mutations. Although AFX is benign in immunocompetent patients, the data for AFX in OTRs is limited. One study of 12 patients suggests that AFX lesions present more aggressively in OTRs, with increased risk of LR and metastases (192) .
Management
The recurrence rate of AFX after local excision is higher than with MMS, and early treatment with MMS is recommended for OTRs. In patients with LR, adjuvant RT, and a decrease in immunosuppression can be considered. A case of localized cutaneous metastases has been reported that responded well to excision of all skin lesions with MMS (193) . Tumor depth, vascular invasion, and cutaneous tumor metastases were considered to increase the risk of recurrence.
Conclusions
With the success of solid organ transplants and improvements in immunosuppressive therapies, OTRs are experiencing longer life expectancies. Nevertheless, these successes come at the cost of an increased risk of malignancies. Skin cancers are the most frequent of all posttransplant malignancies, with SCC, BCC, KS, MCC, and MM being the most commonly reported skin cancers in this population. Mortality is reported to be highest for MM, followed by cutaneous SCC and MCC. Skin cancers in OTRs are more aggressive and metastasize early compared with those in the general population. For these patients, newer targeted therapies and immunotherapies offer promising solutions, specifically, combination of BRAF/MEK inhibition, PD-1/PD-L1 and CTLA-4 inhibition for MM, Hh signaling inhibition for BCC, and PD-1/PD-L1 inhibition for MCC or metastatic cutaneous SCC. PD-1/ PD-L1 inhibition needs to be used with caution because it has been associated with reports of transplant rejection. Given the increased risk and aggressiveness of skin cancer in OTRs, close surveillance in the posttransplantation period and the use of preventive measures for sun protection are of paramount importance. Furthermore, with reported mortality from skin cancer greater than breast and colon cancer in OTRs, long-term screening guidelines for skin cancers need further investigation. Although treatment strategies based on prospective clinical trials are emerging in this population, routinely scheduled and comprehensive skin screening, with early identification and treatment of skin cancers, is required to optimize the health of OTRs.
